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BIOCHEMICAL ENGINEERING SYMPOSIUM PROCEEDINGS 
This report presents the proceedings of the Biochemical Engineering 
Symposium held at Kansas State University, June 4, 1971. Since most of 
the papers will be published elsewhere, only very brief papers are included 
here. Moreover, several of the projects are still in progress at this 
time. Request for additional information on projects conducted at the 
University of Nebraska should be directed to Dr. Peter J. Reilly and for 
Kansas State University to Dr. L. E. Erickson. 
Those attending the symposium were: P. J. Reilly, C. C. Chae, 
Shinji Goto, I. R. Kothari, J. D. McMahon, W. J. Young, S. J. Anderson, 
L. L. Bendig, N. D. Brinkman, C. Y. Choi, B. J. Mohr, M. T. Straub, 
M. D. Young, I. C. Kao, G. C. Y. Chu, P. S. Shah, S. Y. Chiu, P. N. Mishra, 
D. E. Robker, Y. Rorie, L. T. Fan, and L. E. Erickson. 
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Editors 
BIOCHEMICAL ENGINEERING SYMPOSIUM 
Chemical Engineering Building 
Kansas State University 
June 4, 1971 
First Session 
10:00 - Chih-cheng Chao, University of Nebraska, "Symbiotic 
Growth of Actobacter suboxydans and Saccharomyces 
carlsbergensis in a Chemostat" 
10:30- S. Y. Chiu, Kansas State University, "Model Identification 
in Mixed Populations Using Continuous Culture Data" 
11:00 - Shinji Goto, University of Nebraska, "Symbiotic Growth 
of Bacteria and Blue Gree Algae in a Chemostat" 
11:30- I. C. Kao, Kansas State University, "ATP as a Parameter 
of Mixed Culture Interaction" 
Second Session 
1:30- Indravadan R. Kothari, University of Nebraska, "Growth 
of Single Cells of Schizocaccharomyces pombe under 
Nutrient Limitation" 
2:00- G. C. Y. Chu, Kansas State University, "Experimental 
Optimization of Biological Waste Treatment Processes" 
2:30 - Mark Young, University of Nebraska, "Aerobic Fermentation 
of Paunch Liquor" 
3:00- P. S. Shah, "Kansas State University, "Optimal Control 
of Growth Processes" 
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SYMBIOTIC GROWTH OF ACETOBACTER SUBOXYDANS AND 
SACCHAROMYCES CARLSBERGENSIS IN A CHEMOSTAT 
Chih-Cheng Chao 
University of Nebraska 
One species of bacteria and one of yeast have been 
grown together on a mannitol-containing synthetic medium 
in a chemostat. The bacteri~Acetobacter suboxydans 
ATCC 621, oxidizes the mannitol to fructose and then to 
5-ketofructose. The yeast, Saccharomyces carlsbergensis 
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NRRL Y-379, cannot metabolize mannitol, but oxidizes fructose 
to carbon dioxide and water. Because oxidation of fructose 
by the bacteria is much slower than that of the yeast, 
5-ketofructose does not accumulate. Since the yeast are 
wholly dependent on the bacteria for their carbon source, a 
commensalistic system is maintained. 
Eight steady states have been attained at different 
flow rates (Table I). Through the use of a Coulter aperture 
and a multichannel pulse height analyzer, separate cell 
counts of both yeast and bacteria have been obtained. This 
is possible because cells of the two species are of differ-
ent pulse heights when they pass through the aperture. 
Using the relationship between pulse height and cell volume, 
total cell volume of each species can be determined. 
In addition to the steady-state data, five transitions 
between steady states have been observed (.0785 + .1151 
.116 + .135, .135 + .175, .120 + .091, .091 + .060 hr- ) . 
The results of one step-up and one step-down experiment are 
shown in Figures 1 and 2, respectively. Oscillations occur 
in all of the parameters measured almost simultaneously 
during these transitions. An attempt will be made to 
correlate the growth rat~of the two species with the concen-
trations of their subst·rates during these periods of non-
steady-state operation. 
Table 1. Steady-state Behavior of the Mixed Culture Fermentation 
Dilution Total O.D. ~ Bacterial Cell Yeast Cell Bacterial Cell Yeast Cell Mannitol Fructose ~· '- h -1 at 610 m).l I Population, Population, Size, Size, Concn., g./1. Concn., g./1. I a .... e, r i Cells/l0 7ml. Cells/10 7ml. ).l 3 /Cell f1 3/Cell 
0. 0785 2.224 I 2.91 1. 52 0.730 26.55 0.35 0.10 
I 
! 0.115 1. 555 . 2.65 1.11 0.581 23.85 0.86 0.20 
I 
I 
' 
0.116 1. 525 2.61 1. 06 0.581 23.85 0.86 0.20 
0.135 1. 060 1. 28 0.84 0.570 22.50 1. 26 0.25 l 
I 
I 0.175 0.403 0.336 0.33 0.570 22.50 1. 80 0.21 
0. 120 l. 485 2.31 1. 25 0.570 22.50 0.96 0.21 
I 
0. 091 2.030 2.78 1. 50 0. 713 24.98 0.55 0.13 
o. 060 2.508 3.04 1. 74 0.758 26.78 0.22 0.05 I 
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KINETIC MODEL IDENTIFICATION IN MIXED POPULATIONS 
USING CONTINUOUS CULTURE DATA 
Shen-yann Chiu 
Kansas State University 
The identification of an adequate kinetic model is a necessary 
step in the proper application of the knowledge of reaction kinetics 
to industrial processes. In this study, the kinetics of activated 
sludge waste treatment processes were studied using the steady state 
data of continuous mixed cultures. Methods of analyses of variance 
and residuals were employed to specify the most adequate among the 
existing microbial growth models. 
In the first stage of investigation, the steady state behavior 
. of heterogeneous microbial populations of sewage origin was studied 
in a single-stage, continuous flow, completely mixed aeration tank. 
A series of experiments were carried out at dilution rates 0.022, 
0.067, 0.095,·0.2, 0.3, 0.4, 0.5, 0.57, 0.65 hr-1, respectively. 
Repeated runs were made at dilution rates 0.067, 0.2, and 0.57 hr-1. 
Each experiment was conducted for a time sufficiently long so that a 
reliable estimation of the steady state could be made. Glucose was 
used as the limiting substrate. Factors such as temperature (25 + 
0.5°C), pH(6.8 + 0.3), dissolved oxygen concentration (4 ppm+), and 
conditions of mixing were controlled so as to minimize their effect 
on the system behavior. The cell dry weight (by membrane filtration) 
and substrate concentration in terms of COD (by dichromate method [1]) 
were continuously monitored. 
The results of experiments indicate that reproducible steady states 
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can generally be obtained; however, multiple steady states exist at dilution 
rates near washout. Effect of organisms decay becomes important at diltuion 
rates below about 0.1 hr-1. Also indicated is the existence of non-biodegradable 
residuals which had COD values of about 30 ppm. This value was subtracted 
from all observed effluent substrate concentrations to form effective 
COD's. 
In the second stage of this study, steady state equations based on 
growth models proposed by Monod [2], Garrett and Sawyer [3], Tiessier [4], 
Contois [5], and Moser [6] were used to test their adequacies in fitting 
the multi-response steady state data of cell dry weight [X] and the 
effective COD [S]. The nonlinear least square fits for estimating 
parameters in various models were obtained by minimizing the objective 
function 
T (1) 
with an IBM 360/50 series computer and the modified simplex pattern 
search program described by Chen (7]. Upon completion of parameter 
estimations, a comparison of goodness of fit of models was made with 
the F-test for the equality of variances [8] and residual plots [9) 
for testing randomness of residual distributions. 
Table 1 lists the expressions of seven models tested in this 
study, and values of parameters and variances resulted from nonlinear 
fitting. As can be seen from the first four rows, improvements were 
always made by adding a Kd (organisms decay) term to both the Monad 
and two-phase (Garrett and Sawyer) models. Therefore, similar modifications 
were made to the other models prior to parameter estimation. 
It is seen from Table 1 that the smallest variance was given by 
five-parameter model (No. 7). The F values of Models 3 and 4 are 
well beyond that of 5% level which is about 2.13 (19 and 22 d.f.). 
This indicates that these two models have significantly larger variances 
than Model 7, and were consequently rejected. 
The residuals defined as 
E: s 
- s pred s exp 
(2) 
E: X - X pred X exp 
were plotted against dilution rates. With Model 7, the residual plot 
resulted in a horizontal band which indicates no abnormality for the 
model. The same results were found with Models 2 and 6, respectively. 
However, with Model 1, as well as with Model 3, a bell shaped residual 
distribution was obtained, which gives a strong indication of model 
inadequacy. Thus, Model 1 was rejected. In reviewing the results of 
both tests, we do not have a strong reason for rejecting Model 5, however, 
it does not perform as satisfactorily as Models 2, 6, and 7. 
As a result of this investigation, models proposed by Moser, Monad, 
and Contois, respectively, with a Kd term added, appear to give better 
fits of the experimental data than the other models. 
The details of this work are presented elsewhere [10]. 
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TABLE 1. Kinetic Models and Results of Parameter Estimation 
Model No.* Kinetic Model Parameter Values Residual Sum Degree of Variance of Squares Freedom F7i 
dX 
IJmSX/ (Ks + S) dto K • 21.3752 mg/lit. 
s -1 
t65 
1 
"m • 0.6668 hr. 83,560 21 3,979 dS • -IJ SX/Y(K + S) y 
- 0.4921 dt m s 
dX 
IJmSX/(Ks + S) - KdX K • 26.5002 mg/1it. dt-
s -1 2 IJ • 0.6902 hr. 
24,949 20 1,247 m -1 1.458 dS • -IJ SX/Y(K + S) Kd • 0.0189 hr. dt m a 
y 
- 0.5773 
dX K SX dt - K • 0.0023 hr. -1 lit/mg. 3 
618,113 22 28,096 32.860 dS 
-K SX/Y y - 0.5059 dt -
dX 
K SX- KdX -1 dt- K 
-
0.0022 hr. lit/mg. 
4 Kd • 0.0158 hr. -1 564,988 21 26,904 31.46 7 dS 
dt - -K SX/Y y - 0.5907 
dX 
e-S/Ks) - K X K -63.9293 mg/lit. s dt • IJmX(l - 0.6651 hr. -1 d IJ -5 m 
-1 38,832 20 1,941 0.0151 2.270 dS 
-IJ X(l- e-S/Ks)/Y Kd • hr. dt- m y = 0.5657 
dX IJmSX/(BX + S) - KdX B . 0.0462 dt-
-1 6 IJ - 0.6700 hr. 25,227 20 1,261 1. 475 m -1 dS Kd • 0.0165 hr. dt - -IJmSX/Y(BX + S) 
y 
- 0.5688 
dX -~ K 
- 2. 3600 (mg/lit.)~ dt= IJmX/(1 + Y.9 S ) - KdX s 
-1 7 
"m • 1.1487 hr. 
-1 16,249 19 855 dS 
-IJ X/Y(l + K S-~) Kd • 0.0147 hr. dt- m s 
- 0.1748 
y • 0.5574 
* 1. Mon0d ModPl, 2. Monod Model with Kd, 3. Two-phase Model, 4, 1wo-phase Model with Kd' 5. Te!ssler Model with Kd, 
6. Contois Mod~l with Kd' 7. Moser Model with Kd. 
CONCURRENT GROWTH OF BACTERIA AND BLUE-GREEN ALGAE 
IN A CHEMOSTAT* 
Shinji Goto 
University of Nebraska 
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There has been considerable speculation in recent years that 
phosphorus from fertilized fields and incompletely treated sewage 
causes massive algal blooms and acceleration of lake eutrophication. 
However, a recent literature survey (1) indicates that while small 
amounts of phosphorus are required for algal growth, the limiting 
nutrient may often be carbon dioxide which can be supplied in 
massive amounts for algal growth only by the action of bacteria on 
organic pollution. 
L. E. Kuentzel (1) has stated that phosphate is limiting for 
algae at about 10-15 ppb, while often lakes do not support algal 
blooms when the concentration of phosphate exceeds 50 ppb. This 
indicates that phosphorus may not always be the limiting substrate 
for growth of algae in lakes. 
He further states that co2 may be supplied to the algae from three sources: the atmosphere, bicarbonate ions dissolved in the 
water, and bacterial excretions. The first is limited by slow 
transport across the air-water interface, while net abstraction of 
bicarbonate quickly causes the pH to rise above the value at which 
the algae can grow. Kuentzel notes that massive increases in the 
numbers of bacteria always accompany massive algal blooms. Since 
aerobic bacteria require oxygen to degrade organic matter and 
produce carbon dioxide, while algae require carbon dioxide to 
photosynthesize organic matter and produce oxygen, a symbiotic 
system can be established that supplies sufficient co2 to the 
algae. 
This project will evaluate this controversial hypothesis by 
studying concurrent growth of a typical bacterium and a blue-green 
alga implicated in massive blooms in the same vessel under con-
trolled conditions. 
It is desirable to chose an obligately aerobic bacterial 
species which produces only co2 and water and can grow in a medium 
suitable for the algae with small amounts of glucose added. For 
this purpose, Pseudomonas aeruginosa NRRL B-800 was chosen. Two 
strains of the blue-green algal species Microcystis aeruginosa, 
NRC-1 from Pro'f. P. R. Gorham and 1036 from the university of 
Wisconsin, are being studied. At the present neither is bacteria-
free and therefore both must be purified before being cultured in 
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media containing organic substrates. Preliminary batch experiments 
in flasks with these species give the results in the attached 
table. 
Contrary to a previous report (3), M. aeruginosa will not grow 
in the presence of TRIS buffer. 
Further experimentation will be conducted under flow condi-
tions with S-liter New Brunswick fermentor with a light manifold, 
pH controller, and both oxygen and carbon dioxide electrodes. 
Samples will be analyzed for optical density, cell concentrations 
of both bacteria and algae by using the Coulter Counter, and 
glucose phosphate, oxygen, and co2 concentrations. 
In the chemostat flow rate, feed nutrient concentrations, 
temperature, light intensity, pH, and oxygen and carbon dioxide 
flow rate can be varied. In this fashion concentrations of various 
substrates such as glucose, phosphate, oxygen, and co2 can be set 
at various levels and the effect of the two species on each other 
under various regimes can be elucidated. 
References: 
(1) Kuentzel, L. E., ~Water Pollution Fed., 41, 1737 (1969). 
(2) Brenner, T. E., Provisional Algae Assay Procedure {1969). 
{3) McLachan, J., and P.R. Gorham, Can. J. Microbial.,~, 1 {1962). 
{4) Gorham, P. R., private communication {1971). 
*support for this project was received in full or in part from the 
Office of Water Resources Research, Department of the Interior, 
under the Public Law 88-379 program. 
Summary of Experimental Results 
P. aeruginosa NNRL B-800 M. aeruginosa 1036 
Medium Buffer Final ].lmax, pH Final ].lmax, pH TRIS O.D. 1/hr Init. Final O.D. 1/hr Init. Final 
-
PAAP (2) + -- --
-- -- 0.030 -- 8.9 8.6 
II 
0.940 0.042 8.5 8.7 
ASM (3) + 0.212 
-- 7.8 8.3 -- --
-- --
ASM-1 ( 4) + 0.295 0.37 8.1 8.2 --
-- 8.8 8.7 
M. aeruginosa NRC-1 
Final ].lmax, 
O.D. 1/hr 
0.020 
--
0.433 0.027 
0.025 
--
0.025 
--
pH 
Init. 
8.9 
8.5 
8.3 
8.3 
Final 
8.8 
8.4 
8.4 
8.4 
...... 
N 
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ATP AS A PARAMETER OF MIXED CULTURE INTERACTION 
I. C. Kao 
Kansas State University 
Considerable research related to the interaction among different 
species of organisms has been reported in recent years. Several different 
types of interactions among organisms are observed, and a number of nonlinear 
2 differential equations have been proposed to characterize such interactions. ' 
These mathematical equations, in general, contain parameters which are 
measures of intensity and extent of the various interactions occurring 
in the system under study. Because of the c~mplexities of the chemical 
and physical processes that constitute life, the values of the parameters 
are difficult to determine. Recent work in our laboratory indicated that 
the ATP concentration responds rapidly to a change in the glucose concentration 
of an activated sludge chemostat system. Patterson et al.3 suggested that 
the ATP pool reflects the toxicity of pH and heavy metals in an activated 
sludge culture and is an appropriate estimator of the toxic stress on a 
microbial system. Since an activated sludge waste treatment system is a 
typical mixed-culture, the existence of various species of microorganisms 
will influence each other and will probably show different growth dynamic 
characteristics from those of a pure culture. It should be of interest to 
see how the ATP concentration in a biological system can be used as a parameter 
for building a biokinetic model. 
In this study, Escherichia coli and Pseudomonas aeruginosa were grown 
aerobically in a mixed-culture with a synthetic medium. The cell mass was 
determined after drying for 2 hr at 103°C. The glucose concentration was 
determined by the glucostat method. The ATP pool was measured by using a 
luminescence biometer. 
The interaction effect between the two species in the mixed-culture 
was 0bserved. The energy efficiency (in terms of mg ATP accumulated per 
mg energy source consumed) remained fairly constant (4.0 x lo-4) in the 
mixed-cultu~e whereas the energy efficiency showed an oscillation change 
in the pure culture. To examine quantitatively this interaction effect, 
the growth yields and other parameters related to ATP formation have been 
calculated based on the assumption that Y TP = 5. 4 The results show that 
both the yield factor, and the'ratio of gtucose consumption for ATP production 
to the total glucose consumption in the mixed-culture is only half or less 
of that in the pure culture. It appears that microorganisms in this mixed-
culture have lower efficiency in utilizing the substrate and consume more 
substrate for growth than microorganisms in the pure cultures. One aspect 
of this study that deserves a special attention is that in general, the 
value of ATP accumulated is much smaller than that of the total ATP produced 
inspite of the important role which the ATP pool plays in a biological 
reaction. Although insufficient data are available to clearly demonstrate 
the mechanism underlying this effect, the present results suggest that 
such an interaction does indeed exist and is closely associated with the 
ATP formation and energy source utilization (Fig. 1). It will be of 
interest to further investigate the dynamic aspect of a mixed-culture 
using a chemostat system and to properly measure the ATP in each species 
in the mixed-culture. 
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GROWTH OF SINGLE CELLS OF SCHIZOSACCHAROMYCES POMBE 
UNDER NUTRIENT LIMITATION 
Indravadan R. Kothari 
University of Nebraska 
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The kinetics of growth of a bacterial population does not 
establish the kinetics of growth of the individual cell, for the 
organisms in populations are not synchronized. Therefore, in 
exponential balanced growth, all extensive properties of the popu-
lation increase by the same factor during any given time interval, 
but all extensive properties of an individual cell in this popu-
lation need not increase in proportion during any arbitrary in-
terval of time. 
The method most commonly used for determination of the kine-
tics of growth of individual organism has been direct microscopic 
measurement of the length or volume of cells in microculture as a 
function of time. Using this method, Adolph and Bayne-Jones (1) 
found the volume of B. megaterium to be an exponential function of 
time. Using interferance microscopy, Mitchison (2) found that the 
rate of increase in dry weight of the yeast Schizosaccharomyces 
pombe to be constant. 
In these microscopic measurements, the conditions in micro-
culture may not have permitted balanced growth. Microscopic mea-
surement of bacterial cells is subjected to a random error of 
sufficient magnitude to preclude distinguishing linear growth from 
exponential growth. 
Collins and Richmond (3) demonstrated that the kinetics of 
growing individual cells determine the form of the size distribu-
tion of the cell population. However, they measured comparative!~ 
few bacteria for their size distribution analysis. Harvey and 
Marr (4) gave a more rigorous derivation of the relationship be-
tween cell volume distributions for cultures of E. coli and 
Azotobacter agilis,and concluded from Coulter Counter measurements 
of cell volumes in steady state cultures that specific growth 
rates increased during the middle of each cycle, then decreased 
near the end. 
Eakman et al. (5) have derived a rigorous mathematical model 
for size distributions of a chemostat culture. This paper, 
utilizing their model, describes the kinetics of growth of the 
fission yeast Schizosaccharomyces pombe NCYC 132 from Coulter 
Counter measurement of cell volume distributions in chemostat 
culture. 
- ----------~-----~ 
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Cells were grown in a chemostat with synthetic medium (6). 
Though the Monod equation was not followed, glucose was limiting, 
a change from prior work where all nutrients were present in excess. 
Size distributions were determined with a Coulter aperture 
coupled in succession to a charge-sensitive preamplifier, an active-
filter amplifier, a multichannel pulse-height analyzer, and both a 
teletype and an oscilloscope. A monosized latex sphere dispersion 
of approximately the same size as the yeast gave a coefficient of 
variation on size of approximately 6% when measured with this 
apparatus, the same as that reported by Harvey and Marr (7). 
Eakman's integral-differential model for size distributions 
in a chemostat under nutrient limitation as applied here incor-
porated four parameters: the rate of growth, the critical mass of 
cell division, and the standard deviation of the assumed Gaussian 
distribution for both the size of the dividing cell and the size 
of the daughter cell immediately after division. The integral in 
this model was numerically approximated by the Gauss-Legendre 
quadrature formula using 8 base points. Marquardt's method for 
nonlinear regression was used to fit the equation to the steady-
state experimental data taken at six different holding times. The 
equation for the population distribution was numerically integrated 
by Hamming's corrector-predictor method. 
The results bf the nonlinear regressions are shown on the 
following table. A linear growth model fits better than an 
exponential growth model for short hold times, as can be seen from 
the total sum of least squares obtained from corresponding fits. 
For longer hold times the exponential model gives the better fit. 
In general average cell mass was found to increase as the growth 
rate decreased, in direct contradiction to Herbert's (8) results. 
Holding Std dvn Critical 
Time, for Mass, 
Hrs. Daughter g X 1012 Mass 
Dist. , 
g X 1012 
4.18 2.78 69.22 
II 2.22 64.58 
4.70 3.98 57.53 
II 2.32 54.24 
5.96 4.67 67.61 
II 2.48 63.49 i 
I j 7. 41 4.90 68.19 
II 5.91 63.37 
: 
11.64 6.15 72.72 
" 8.34 64.32 
19.10 11.49 77.67 
RESULTS OF NONLINEAR REGRESSION 
Std dvn Cells/ml Average 
for 
X 10-6 Cell O.D. Division Mass, 
Mass 
g X 1012 Dist. , 
g X 1012 
18.77 
.7107 45.17 
.072 15.67 II II II 
16.99 
.8469 38.02 
. 093 15.96 II II II 
26.50 1.255 44.86 
.145 25.06 I II II II 
36.24 1.531 45.98 
.179 35.79 II II II 
112.06 1. 020 54.71 
.197 91.52 II I II II 
I 
128.05 1.052 57.79 I . 215 
Total of 
Least 
Squares 
X 10-8 
.4845 
.3661 
.4672 
.4519 
2.0001 
2.1297 
I 2.1742 
t 
I 2.453 
I 
I 
I 
.5073 i 
.524 
.340 
; 
' 
Type 
Model 
Exponential 
Linear 
I E . 
· xponent~al 
Linear 
Exponential 
Linear 
Exponential 
Linear 
Exponential 
I.inl'>;::or 
Exponential 
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E X P E R I M E N T A L  O P T I M I Z A T I O N  O F  S T E P  A E R A T I O N  
W A S T E  T R E A T M E N T  S Y S T E M S  
G .  C .  Y .  C h u  
K a n s a s  S t a t e  U n i v e r s i t y  
T h i s  w o r k  i s  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  o p t i m u m  h y d r a u l i c  
r e g i m e  f o r  t h e  s t e p  a e r a t i o n  b i o l o g i c a l  w a s t e  t r e a t m e n t  p r o c e s s .  I n  
1 9 6 8  E r i c k s o n  e t  a l .  i n v e s t i g a t e d  t h e  o p t i m a l  v o l u m e  r a t i o s  f o r  m u l t i -
t a n k  s y s t e m s  o f  t h e  a c t i v e  s l u d g e  w a s t e  t r e a t m e n t  p r o c e s s  b y  m e a n s  o f  
c o m p u t e r  s i m u l a t i o n  ( 1 ) .  T h e  o b j e c t i v e  o f  t h i s  e x p e r i m e n t a l  o p t i m i z a t i o n  
i s ,  p r i m a r i l y ,  t o  d e v e l o p  k n o w l e d g e  a n d  p r o c e d u r e s  t h a t  c a n  b e  u s e d  t o  ·  
e x p e r i m e n t a l l y  i m p r o v e  t h e  d e s i g n  a n d  o p e r a t i o n  o f  b i o l o g i c a l  w a s t e  
t r e a t m e n t  s y s t e m s .  
T h e  s c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s  i s  s h o w n  i n  
F i g .  1 .  T h e  s y s t e m  c o n s i s t s  m a i n l y  o f  t w o  a e r a t i o n  t a n k s ,  a  s e t t l i n g  
t a n k  a n d  a  h o m o g e n i z i n g  c h a m b e r  f o r  t h e  r e c y c l i n g  s t r e a m .  
T h e  r a t i o  o f  t h e  i n l e t  f l o w  r a t e s  a n d  t h e  r a t i o  o f  t h e  v o l u m e s  
o f  t h e  f i r s t  a n d  s e c o n d  a e r a t i o n  t a n k s  a r e  t h e  d e c i s i o n  v a r i a b l e s .  
B y  v a r y i n g  t h e s e  t w o  d e c i s i o n  v a r i a b l e s ,  a  s e a r c h  f o r  t h e  o p t i m u m  
o p e r a t i n g  c o n d i t i o n  o f  t h i s  t w o - t a n k  s t e p  a e r a t i o n  w a s t e  t r e a t m e n t  
p r o c e s s  i s  b e i n g  c o n d u c t e d .  
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AEROBIC FERMENTATION OF PAUNCH LIQUOR 
Mark Young 
University of Nebraska 
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The project on which this paper is written has not.offi- . 
cially been initiated; however, we have explored a few ~nterest~ng 
facets so far, both through literature and experimentation. Our 
project will also be less theoretical than most of those presented 
here since none of the members of the group to date has had any 
experience in biochemical engineering. The project is supported 
financially through the National Science Foundation's Student 
Originated Studies Program and involves six people during the 
course of one summer. The problem on which we chose to work is 
involved with finding methods of elimination of a liquid packing-
house waste stream, namely paunch liquor. Paunch liquor is com-
prised of material from the rumen or paunch of slaughtered beef 
and associated wash water used in cleaning the material from 
internal organs. The bovine digestive tract is interesting in 
that the rumen serves as an anaerobic fermentation vessel which 
breaks cellulose down into various materials which the animal can 
digest. This liquid is treated only by screening prior to its 
disposal in the municipal sewer system. 
The experimental approach which we shall employ involves 
conditioning the liquor to produce a favorable medium from which, 
through fermentation, we can retrieve microbial protein. The 
success of this project will depend on whether or not we can 
produce a by-product of some economic value. There are several 
problems which must be tackled before the process will succeed. 
Presence of volatile fatty acids creat~a problem in the 
disposal of the waste, especially from the standpoint of odor. 
We feel that these acids must be removed before the waste can be 
recycled as feed, and therefore,we must employ a fermenting or-
ganism which would utilize these fatty acids. For this reason 
we are investigating bacteria or yeasts which are highly oxidative. 
We are presently turning our attention to three particular organ-
isms; Candida krusei, a yeast, and two bacterial strains, Pseudo-
monas aerug~nosa and Pseudomonas fluorescens. 
Disposal methods at the packing house usually involve 
dilution of the entire paunch contents and subsequent screening 
of the larger solids. A much more concentrated media would be 
obtained if a 11 dry 11 disposal method were employed (this means that 
nq water would be used to wash the rumen) . 
Suitable supplements which are economically feasible may be 
necessary in the process. One possibility already under consi-
deration is cheese whey, a dairy industry waste product of low 
intrinsic value, analyzing typically 65% lactose. This may pro-
duce an undesirable side effect, however, since most organisms 
would preferentially attack the lactose and leave the fatty acids. 
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The actual contents of the rumen vary considerably between 
feedings and according to diet so that a good "average" waste 
sample will be difficult to obtain (in fact the waste varies quite 
visibly from hour to hour) . We do not expect that this will be a 
problem, however, since in most operations several hundred beef 
may be slaughtered in a few hours. This great number will provide 
a pretty reasonable "statistical" average. There are, however, 
problems attached to locale. Eastern Nebraska produces mainly 
corn-fed beef while the panhandle supports more grass-fed animals. 
Currently, analytical procedures are being established to 
provide analyses on volatile fatty acids, soluble protein, and 
reducing sugars. Reducing sugars are analysed using the Somogyi 
test as modified by Yamada. Results obtained are shown 
below. It may be noted that sonication is used to disrupt the 
cell walls of the bacteria present since the bacteria contain 
useful nutrients (1) of the approximate composition: 40% amino 
acids, 25% total lipids, 8% carbohydrate. Volatile fatty acids 
were determined by a method described by Harper and associates (2) 
which was originally designed for analysis of milk lipase. This 
method involves column separation of mineral acids on a silica 
bed and subsequent titration with standard base. Protein was 
determined using the standard biuret method. Results are listed 
below. Note that the word rumen indicates the undiluted fluid 
from the digestive tract of the animal. Paunch liquor is used when 
we wish to indicate the diluted fluid which is entering the sewer. 
Protein 
Rumen 
Paunch liquor 
Reducing Sugars 
Rumen 
Paunch liquor 
VFA 
Rumen 
Paunch liquor 
Sonified 
52.0 
4.75 
mg/ml 
mg/ml 
4.5 mg/ml 
0.375 mg/ml 
.192 meq/ml 
Non-Sonified 
36.8 
3.65 
mg/ml 
mg/ml 
0.39 mg/ml 
0.033 mg/ml 
We can see from results thus far accumulated that the 
dilution ratio of rumen to paunch liquor is approximately 
1:10 to 1:12. What remains before us is the selection of an 
organism, analysis and possible supplementation of the media to 
produce a good growth rate, and determination of the feasibility 
of the process. The appropriate commercial process could follow 
many routes, depending on which is more economical. For example, 
if bulk feed production seems to be the answer, the entire contents 
-------------
of the digestive system may be fermented, providing a larger bulk 
feed. If production of a feed supplement were more economical, just the liquid part might be fermented. 
References: 
(1) Hoogenroad, W. J., Hind, F. J. R., Brit.~ Nutr., 23 (1), 119 (1970). 
(2) Harper, W. J., Schwartz, E. P. and Hagerawy, I. s., ~Dairy ~, 39, 46 (1956). 
24 
25 
MODERN OPTTIMAL FEEDBACK CONTROL THEORY 
APPLIED TO MICROBIAL GROWTH PROCESSES 
P. S. Shah 
Kansas State University 
A prime goal in many microbial growth processes is to establish 
and maintain a condition of high productivity through control of environmental 
conditions. Because of the large number of variables which affect growth 
processes, considerable fluctuation in product concentration often occurs. 
In biological waste treatment where a high quality of effluent is to 
be continuously produced in spite of wide variations in influent concentration, 
developments in process control are also needed. 
In recent years considerable research related to the response of 
activated sludge processes to transient loadings and the response of 
pure cultures to transient disturbances has been reported in the literature. 
As opposed to the investigation of the dynamics of biological system, there 
are relatively fewer publications that discuss the process control aspects 
of biological growth processes [1, 2]. The lack of process control development 
in growth processes exists because these processes require that control be 
exercised on a fairly large number of operating variables such as temperature, 
pressure, airflow, foam, pH, level of dissolved oxygen, agitator speed, substrate 
and organism concentration, and flow rate. Many of the details of measurement 
and control of these variables in fermentation processes can be found in the 
proceedings of a recent symposium on control [3]. 
In the past decade or so, there has been much emphasis on the development 
and application of the so-called modern control theory derived via variational 
principles such as the maximum principle [4] and Bellman's principle Qf 
optimality as in dynamic programming [5]. Although the theory of modern 
optimal control has been well established in the last 10 years, there seems 
to be almost a complete lack of utilization of the optimal control methods 
in the area of biological growth processes. D'Ans et al. [6] have very 
recently considered a time optimal control problem for biological growth 
processes using Monod's model. The bang-bang form of optimal control is 
obtained by them. Chen [7] has also considered the optimal control problem 
for waste treatment plants and has also obtained a bang-bang form of control 
as the control policy. However, none of the above investigators have considered 
the optimal feedback control problem. Recently Fan et al. [8] have applied 
the optimal feedback control synthesis to waste water treatment processes 
and Shah et al. [9] have applied optimal feedback control theory to continuous 
fermentation processes using Monod's model. 
The continuous maximum principle algorithm [10] can be applied to obtain 
optimal feedback control for continuous microbial growth processes. In general 
the optimal control policy obtained by the maximum principle can be either 
open-loop or closed-loop. An open-loop control policy is obtained as a 
function of the initial conditions of the system and the initial time of 
operation, and does not take into account any disturbances which occur 
after the optimal control operation has started. For process control 
purposes a closed-loop or feedback control policy is desired because 
such a policy is obtained as a function of the current state of the 
system and hence can pick up any disturbances to the system since the 
current state of the system is used to update the control policy. Kalman 
[11] has shown that for a particular class of optimal control problems, 
the maximum principle can be used to obtain a closed-loop or feedback 
control policy. 
Figure 1 shows the results, which are obtained by applying Kalman's 
approach [11, 12, 13], for an optimal feedback control policy of the 
proportional type controller for the impulse disturbance in the influent 
substrate concentration of a chemostat system. Figure 1 shows that 
the proportional controller returns the disturbed state to the desired 
state much faster than the uncontrolled system. As the weighting factor 
Q is increased the transient timeAis decreased and the optimal control 
value of the influent flow rate, q, throughout the transient is increased 
till it reaches steady state flow rate, q . It can be seen from Figure 1 
that essentially any desired response cansbe obtained within the physical 
bounds of the control variable, flow rate. 
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